The various orders in multiferroic materials with a frustrated spiral spin modulation inducing a ferroelectric state are extremely sensitive to small perturbations such as magnetic and electric fields, external pressure, or chemical substitutions. A classical multiferroic, the mineral Hübnerite with chemical formula MnWO 4 , shows three different magnetic phases at low temperature. The intermediate phase between 7.5 K < T < 12.7 K is multiferroic and ferroelectricity is induced by an inversion symmetry breaking spiral Mn-spin order and strong spin-lattice interactions. The substitution of Ni 2+ (spin 1) for Mn 2+ (spin 5/2) in MnWO 4 and its effects on the magnetic and multiferroic phases are studied. The ferroelectric phase is stabilized for low Ni content (up to 10%). Upon further Ni doping, the polarization in the ferroelectric phase is quickly suppressed while a collinear and commensurate magnetic phase, characteristic of the magnetic structure in NiWO 4 , appears first at higher temperature, gradually extends to lower temperature, and becomes the ground state above 30% doping. Between 10% and 30%, the multiferroic phase coexists with the collinear commensurate phase. In this concentration region, the spin spiral plane is close to the a-b plane which explains the drop of the ferroelectric polarization. The phase diagram of Mn 1-x Ni x WO 4 is derived by a combination of magnetic susceptibility, specific heat, electric polarization, and neutron scattering measurements.
Introduction
Multiferroic and magnetoelectric materials have attracted increasing attention recently because of the coupling and cross correlation between magnetism and ferroelectricity which is an intrinsic property of these compounds. The fundamental microscopic mechanisms leading to the control of magnetic (dielectric) properties by external electric (magnetic) fields as well as the potential for applications in form of magnetoelectric memory or new types of sensors have inspired extensive studies by experimentalists as well as theorists [1] [2] [3] . In "type I" multiferroics, the ferroelectric phase usually arises at high temperatures, followed by a magnetic phase transition at lower temperature, T N . The classical multiferroic system of type I are the hexagonal rare earth manganites, RMnO 3 (R Y, In, Ho Lu) [4] . It has been shown that a sizable interaction between the ferroelectric and magnetic order parameters exists below T N leading to novel effects, such as sudden changes of the electrical polarization P at T N , a high sensitivity of P to external magnetic fields [5] , or even a ferromagnetic state induced by electric fields [6] .
Another type (II) of multiferroic compounds has been in the focus of interest. Here the ferroelectric state is induced by a frustrated magnetic order which breaks the inversion symmetry and gives rise to improper ferroelectricity, either through a distortion of the electron distribution [7] or through an ionic displacement caused by strong spin-lattice as well as spin-orbit interactions [8] . The frustrated magnetic order that breaks the spatial inversion symmetry is often characterized by an incommensurate spiral spin modulation along one or more directions. Symmetry considerations have shown that a spin spiral couples to the electrical polarization through a third order term in the Landau free energy expansion [9] . Indeed, improper ferroelectricity induced by a spiral spin order has been observed in different multiferroic compounds, e.g. Ni 3 V 2 O 8 [10] , TbMnO 3 [11] , MnWO 4 [12] , and CuO [13] . The microscopic origin of the cycloidal spin order is frustration among different spins induced by geometric constraints or competing magnetic exchange interactions and strong uniaxial anisotropy. Because of the non-collinearity of the spins, the antisymmetric Dzyaloshinskii-Moriya exchange interaction becomes important and stabilizes the ferroelectric state.
MnWO 4 (mineral Hübnerite) is one of the oldest multiferroic compounds known since 1546 [14] . However, the multiferroic properties of MnWO 4 have been discovered only in 2006 [12, 15] . The details of the structure (crystallographic space group P2/c, No. 13) are shown in Fig. 1 .
Distorted octahedra of MnO 6 form edge-sharing zigzag chains along the c-axis. The tungsten ions are located in the spaces between the chains. The lattice parameters at room temperature are a = 4.832(4) Å, b = 5.762(5) Å, c = 5.006(4) Å, and the monoclinic angle between a and c is β = 91. 19 (2) o [16] . The magnetic structure of the Mn spins has been studied extensively by neutron scattering experiments [17] . Antiferromagnetic order sets in below T N = 13.6 K (AF3 phase) with an incommensurate modulation vector, 
The spins in this phase are collinear, i.e. the magnetic modulation is sinusoidal. The spins are confined to the a-c plane along the magnetic easy axis at an angle of 36 o with the a-axis. This order retains the spatial inversion symmetry and the AF3 phase is paraelectric. The sinusoidal spin modulation is sketched in Fig. 2c . Below T C = 12.7 K, the Mn spins are tilted away from the a-c plane developing a finite b-axis component and forming an incommensurate, elliptical spiral modulation, as shown in Fig. 2b . The spin spiral breaks the spatial inversion symmetry and induces a ferroelectric state. The magnetic modulation remains incommensurate with about the same modulation vector, Q 2 ≈ Q 3 . At T L = 7.5 K, another magnetic transition into a commensurate phase AF1 takes place with all spins oriented along the easy axis. The modulation vector, Q 1 = [−0.25, 0.5, 0.5] describes a frustrated ↑↑↓↓ spin order along both, a-and c-axes, as shown in Fig. 2a . Since this spin modulation preserves the inversion symmetry, the AF1 phase is paraelectric. The three magnetic phase transitions are also defined by clear anomalies of the magnetization and heat capacity [18] .
The multitude of magnetic phases with incommensurate (AF2 and AF3) modulations and frustrated commensurate (AF1) order has its origin in competing long-range exchange interactions. Inelastic neutron scattering experiments have revealed the long-range character of the Heisenberg exchange coupling constants with sizable values for nearest and nextnearest neighbor Mn ions along the c-axis (intra-chain) as well as along the a-axis (interchain) [19] [20] [21] . The various frustrated magnetic states are close in energy and compete for the ground state. This explains the sensitivity of the multiferroic state in this compound to magnetic fields and chemical substitutions.
The replacement of the magnetic Mn 2+ ions by other transition metals is easily achievable since most transition metals form isostructural TWO 4 compounds (T = Fe, Co, Ni, Zn or Mg) with comparable lattice constants. A solid solution of Mn 1-x T x WO 4 can therefore be synthesized and studied. The dilution of the magnetic system through substitution of nonmagnetic elements like Zn or Mg up to 50% has shown a remarkable stability of the multiferroic phase, consistent with the long-range character of the magnetic exchange interactions [22] [23] [24] [25] . The substitution of magnetic transition metals such as Fe and Co has a more profound effect on the magnetic and multiferroic phases. The different spin values (S Fe = 2, S Co = 3/2) and the change of the single ion magnetic anisotropy have a significant influence on the phase diagram. The substitution of Fe enhances the stability region of the AF1 phase while suppressing the multiferroic (ferroelectric) AF2 phase completely above 5% doping [26] [27] [28] , which was attributed to the stronger anisotropy of the Fe spin [29] . In contrast, Co substitution of a few percent suppresses the AF1 phase and stabilizes the multiferroic AF2 phase as the ground state [30] . For higher Co substitution levels a very complex phase diagram evolves. Driven by the strong anisotropy of the Co spin, the spin cycloid rotates in the crystalline coordinate system forming eventually a conical magnetic structure. This is accompanied by multiple polarization flops upon increasing Co content [17, 31] .
The effect of nickel substitution in MnWO 4 has not been studied yet. Therefore, we have grown large single crystals of Mn 1-x Ni x WO 4 (0<x<0.3) and investigated their magnetic and multiferroic properties.
Sample Synthesis and Experimental Setup
Single crystals of Mn 1-x Ni x WO 4 (0<x<0.3) have been grown employing a floating zone optical furnace. The polycrystalline material was synthesized via solid state reaction of the precursor materials, Mn 2 O 3 , WO 3 , and Ni mixed in the stoichiometric ratio. The mixed powder was reacted at 970 • C for 10 hours, reground and annealed again at the same conditions. The powder X-ray pattern could be indexed according to the monoclinic space group P2/c and it showed no sign of impurity phases. The feed rod, prepared hydrostatically, was then sintered in a horizontal and vertical furnace at 1000 • C for 10 hours for the floating zone furnace. The Ni content was verified by wavelength-dispersive X-ray spectroscopy (WDS) and it was found close to the nominal composition. The grown crystals cleave easily and expose the a-c plane.
The crystal structures of Ni-doped MnWO 4 single crystals were examined in detail using Rigaku X-ray diffractometer equipped with PILATUS 200K hybrid pixel array detector at the Oak Ridge National Laboratory. Magnetic neutron diffraction experiments were carried out at the High Flux Isotope Reactor of the Oak Ridge National Laboratory. We used the HB1A triple axis spectrometer to study the doping and temperature evolution of the magnetic orders. We used an incident neutron beam with wavelength of 2.366 Å and pyrolytic graphite (PG) crystals as monochromator and analyzer. The crystals were aligned in several scattering planes to probe different magnetic reflections. For spin structure determination, we used the HB3A four-circle diffractometer with neutrons of wavelength 1.536 Å at selected temperatures. The structure refinement was performed using the FULLPROF software suite. Magnetic representation analysis is performed to choose appropriate basis vectors to describe the various spin structures. The sample temperature was regulated using a closed cycle refrigerator.
The dc magnetization was measured in a magnetic property measurement system (MPMS, Quantum Design). The heat capacity was determined employing a relaxation method implemented in the physical property measurement system (PPMS, Quantum Design). Dielectric and pyroelectric data have been acquired from thin samples with metallic contacts attached to two parallel sides. The typical thickness and contact area of the sample were about 1 mm and 20 mm 2 , respectively. The sample was mounted on a home-made dielectric probe inserted into the PPMS for temperature and field control. The dielectric constant (capacitance) was measured with a high precision capacitance bridge (AH2500A, Andeen Hagerling) and the pyroelectric current was determined using an electrometer (K6517A, Keithley). The ferroelectric polarization was calculated by integrating the pyroelectric current measured at zero bias electric field upon increasing temperature after the sample was cooled in an electric field of 3 kV/cm to align the ferroelectric domains. Figure 3 shows the doping dependence of the lattice parameters a, b, c, lattice volume and site position of the magnetic ions located at (1/2, y, 1 4 ) at room temperature. For the doping range 0 ≤ x ≤ 0.30, the crystal structure can be refined using the monoclinic P2/c space group as other doped Mn 1-x T x WO 4 (T: Fe, Zn, and Co). Since the ionic size of Ni 2+ (0.69 Å) is smaller than Mn 2+ (0.83 Å) [32] , it is expected that the lattice constants decrease smoothly with increasing Ni concentration. It is worth noting that the atomic position (1/2, y, 1 4 ) of the magnetic ions also experiences a decrease in the y value with increasing Ni doping. The combination of structure modification (shrinkage of the lattice parameters and shift of atomic positions inside the unit cell) and the single ion anisotropy from the Ni atoms effectively changes the strength of magnetic interactions and lead to the doping-dependent evolution of the magnetic order, as described below.
Results and Discussion

Structural Parameters of Mn 1-x Ni x WO 4
Magnetic Properties, Heat Capacity, and Phase Diagram of Mn 1-x Ni x WO 4
The magnetization measured along the unique monoclinic b-axis is shown in Fig. 4 for Ni concentrations up to 30%. The three transitions observed in the undoped MnWO 4 are reflected in clear anomalies of χ b (T). A change of slope at a maximum of χ b (T) indicates the onset of sinusoidal magnetic order at T N . At slightly lower temperature, T C , another slope change is followed by a distinct decrease of χ b (T). At T L a sharp increase of χ b (T) indicates the onset of the commensurate ↑↑↓↓ magnetic structure. It should be noted that the decrease of χ b (T) below T C is typical for a magnetic order parameter with a component along the direction of the applied field (b-axis). The spin elliptical spiral in MnWO 4 has indeed a component along the b-axis. If the magnetic moments are ordered perpendicular to the field, the typical susceptibility is expected to be nearly independent of temperature [33] . This is the case in the sinusoidal AF3 phase as well as the ↑↑↓↓ AF1 phase below the lock-in transition temperature T L .
Upon Ni substitution as low as 5%, the low-temperature transition into the AF1 phase is completely suppressed and the multiferroic AF2 phase becomes the ground state. A similar suppression of the AF1 phase has been observed in MnWO 4 with substitution of Zn, Co, or Mg for Mn [22, 23, 30, 31] . While the two transitions at T L and T N are difficult to distinguish from the magnetic susceptibility shown in Fig. 4 , the heat capacity C p (T) (red symbols in Fig. 5 ) clearly reveals two sharp peaks at the transitions into the AF3 and AF2 phases and both critical temperatures are well defined at low doping levels. As compared to MnWO 4 , T C and T N in Mn 0.95 Ni 0.05 WO 4 are slightly larger by about 0.5 K, which is different from other substitutions like Fe, Co, Zn. The Ni substitution apparently stabilizes the sinusoidal and spiral magnetic structures at low doping levels.
With the Ni content increasing to 10%, the two peaks of C p (blue symbols in Fig. 5 ) merge to one and the position of the peak moves to lower temperature, consistent with a similar shift of the maximum of the magnetic susceptibility. A small shoulder developing at the high-temperature side of the C p peak suggests another magnetic phase arising above 10% of Ni doping. This shoulder becomes more significant and quickly shifts to higher temperature with increasing x and its position is consistent with the subtle anomaly of the magnetic susceptibility, labeled T 4 in Fig. 4 . It is also similar to the C p increase recently observed in Co substituted MnWO 4 [31] which was shown to be the signature of a transition into another high-temperature magnetic structure (AF4) with modulation vector Q 4 = [0.5, 0, 0] [30, 31] . The AF4 phase is the only magnetic phase of NiMnO 4 (T N = 67 K) [34, 35] . Our neutron scattering results (Section 3.3 below) did indeed detect the modulation Q 4 which is characteristic of theAF4 phase.
From the magnetic susceptibility ( Fig. 4 ) and heat capacity data ( Fig. 5 ) it is obvious that a major change of the magnetic structure happens in Mn 1-x Ni x WO 4 at a critical Ni concentration of x C ≈ 10%. Below x C both incommensurate phases, the sinusoidal AF3 and the cycloidal AF2 phase, are present and well distinguished through sharp anomalies of C p (T). Above x C , however, the stability range of the elliptical spiral phase is shifted to lower temperatures and a new phase (commensurate AF4) appears with its critical temperature increasing with Ni content. The temperature dependence of the magnetic susceptibility below T C reflects the change above x C , with the drop in χ b (T) becoming less dramatic with increasing Ni concentration until it almost disappears for x = 30%. This feature in Fig. 6 is derived.
Magnetic Structure of Mn 1-x Ni x WO 4 from Neutron Scattering Experiments
While phase boundaries in the phase diagram of Mn 1-x Ni x WO 4 are well defined through anomalies of magnetization or heat capacity, the details of the magnetic orders in different phases have to be determined by microscopic probes such as neutron scattering data. Fig. 7 shows the results of a systematic study of the magnetic reflections for x = 0.05, 0.1, 0.2. For low Ni doping, x = 0.05 and x = 0.1, the magnetic modulation of the AF2 phase is Note: m b and m ⊥b denote the projected moments along the two principle axes of the spin ellipse along and perpendicular to the b-axis in the AF2 phase. θ is the angle between m ⊥b and the a-axis for spin structure in the noncollinear AF2 phase, and is the angle between the spin moment and the a-axis for spin structure in the collinear AF4 phase. ,0] appears at a higher temperature (approx. 25 K), coexisting with the incommensurate AF2 phase below about 8 K. Figure 8 shows the T dependence of the magnetic reflections of Mn 1-x Ni x WO 4 corresponding to the AF2 incommensurate spiral and the AF4 collinear phases for various Ni concentrations. At x = 0.05, the collinear AF3 phase sets in below 15 K, followed by the multiferroic, noncollinear AF2 phase which persists at the lowest temperature. The modulation vector of both phases is nearly identical and the intensity shown in Fig. 8 represents reflections of both phases, AF3 and higher temperature and AF2 at lower T.
With increasing Ni doping, the transition temperature to the AF2 phase gradually decreases, at the same time that the integrated intensities of the associated reflections decrease, indicating the suppression of this noncollinear phase with x > 0.05 Ni doping. For x ≥ 0.15, the commensurate AF4 phase with Q 4 = [0.5, 0, 0] appears around 20 K, while the integrated intensities show a kink at lower temperature [panel (b)]. The kink is observed at the onset temperature of the incommensurate AF2 reflections [panel (a)], revealing the coexistence of both AF2 and AF4 at low temperature. At higher concentration x = 0.30, only the collinear AF4 phase is formed and it survives to the lowest temperature. Characterization of the low temperature (T = 5 K, 10 K) magnetic ground states at different doping is summarized in Table 1 . The AF2 phase for x = 0.05 and 0.10 is characterized by an elliptical spiral phase with ellipse principle axes lying along the crystallographic b-axis and in the a-c plane. The tilt angle of the magnetic component m ⊥b that lies in the a-c plane is approximately 30 o to the crystallographic a-axis. This observation is similar to the pure MnWO 4 and doped Mn 1-x Zn x WO 4. However, with increasing Ni doping at x = 0.15, m ⊥b rotates quickly towards the a-axis ( Table 1 ). The refinement of the commensurate AF4 phase for x = 0.15 shows that the collinear spin configuration has a moment similar to the pure NiWO 4, which is ∼ 60-70 degree from the a-axis [35, 36] . The moment direction is different from that of Co-doped MnWO 4 in the AF4 phase, which is about -53 degree from the a-axis [31] . One interesting feature of the x = 0.15 sample is the change of sign in electric polarization upon cooling (see below). It should be noted that the normal axis of the spiral plane is very close to the c-axis, which naturally explains the much reduced b-axis polarization. Furthermore, the principal axis of spiral ellipse that lies in the a-c plane, m ⊥b , initially has a negative angle (∼ −3 o ) towards the a-axis at 10 K, but changes to a positive angle (∼ 10 o ) at 5 K. This change of the orientation of the spin cycloid has a profound effect on the ferroelectric polarization, as discussed in the following section.
Ferroelectricity of Mn 1-x Ni x WO 4
The ferroelectric properties in the multiferroic AF2 phase are revealed by polarization measurements, shown in Fig. 9 . A small substitution of 5% Ni suppresses the low-temperature AF1 phase and the multiferroic AF2 phase is stabilized to the lowest temperatures. While the maximum of the polarization P b is reduced as compared to MnWO 4 , it is clear from the data of Fig. 9 that the critical ferroelectric temperature T C increases upon 5% Ni substitution and remaining virtually unchanged for 10% Ni. For higher Ni substitutions, T C as well as P b decrease rapidly and at 30% Ni content no polarization could be detected.
The rapid drop of P b above 10% Ni content signals a major change of the magnetic structure, as observed in neutron scattering data. For low substitution levels (x = 0.05, 0.1), the angle θ of the principal axis of the spin ellipse is slightly reduced with respect to θ = 36 o of undoped MnWO 4 . This explains the reduction of the polarization at low temperatures to about 40 μC/m 2 , as compared to an extrapolated value of 60 μC/m 2 in MnWO 4 . The dependence of the polarization on the angle of the spin ellipse, taking into account the two major magnetic exchange pathways along c and along a, has been studied in detail for MnWO 4 doped with Co ions [37] . It shows that the b-axis polarization consists of two contributions with opposite sign and it decreases with decreasing angle θ . It is remarkable that θ of the spin spiral decreases although the easy axis of the Ni moment lies in the a-c plane at a much higher angle, close to 70 o , suggesting an "anticorrelation" between the easy axes of Mn and Ni so that increasing Ni substitution pushes the spin spiral away, closer to the a-b plane. This effect is opposite to the case of cobalt as substituent where it was shown that the Co moment pulls the spin spiral toward the Co spin easy axis [31] .
For higher Ni content, x = 15%, P b passes through a maximum near 9 K and turns negative at the lowest temperature. At 20% doping the polarization has become very small and T C decreased to below 10 K, consistent with the phase diagram derived from magnetic and heat capacity data (Fig. 6) .
The sudden decrease of P b and the sign reversal at 15% Ni can be explained by a change of the spin cycloid, induced by the anisotropy of the Ni spin, as observed in the neutron scattering data. At this Ni concentration, the spin spiral is pushed towards the a-b plane, forming an angle θ = −3 o at the onset of ferroelectricity (10 K). Upon further decrease of temperature, the spiral moves through the a-b plane ending at an angle of 10 o at 5 K. This T-dependent change of the position of the spin spiral results in the peculiar behavior of the polarization P b , passing through a maximum and reversing sign at the lowest temperature. As was shown earlier, there are two major magnetic exchange pathways contributing to components of the ferroelectric polarization, the nearest neighbor interaction between spins along the c-axis and the interaction between spins aligned along the a-axis [37] . The two contributions to P b with opposite sign are competitive and may even result in a polarization reversal upon decreasing temperature. A rotation of the helical plane will therefore change the net value of P b . A deformation of the spin helix from a nearly circular to an elliptical shape will result in a decrease of the magnitude of P. Last but not least, the coexistence of different magnetic phases (AF2 and AF4) below T C has to be considered. It will result in a reduction or suppression of the ferroelectric polarization since only the fraction of the cycloidal AF2 phase will contribute to P b . Above 10% of Ni doping, the paraelectric AF4 phase becomes stable at higher temperature and, according to the neutron scattering data, extends to low T in coexistence with the ferroelectric AF2 phase.
The reason for the small angle θ of the spin spiral with the a-axis at x = 0.15 could lie in the aforementioned anticorrelation of the easy spin axes of Ni and Mn, mediated through the exchange interactions between Ni and Mn moments. The microscopic picture of these interactions, however, has yet to be developed. Alternatively, the spatial coexistence of the AF4 and AF2 phases for x ≥ 0.15 requires the formation of domains of both phases separated by their respective domain walls. A strong correlation of the magnetic orders in neighboring domains of different magnetic structures has been observed in Co substituted MnWO 4 very recently [37] . The formation of the AF4 phase at higher temperature and its coexistence with the AF2 phase at lower T could affect the orientation of the spin spiral in the ferroelectric AF2 phase through a similar coupling of the magnetic orders across the domain boundaries. This can be probed by microscopic studies of the transition from one domain to another.
Summary
We have studied the magnetic and ferroelectric (multiferroic) phases of MnWO 4 with partial substitution of Mn with Ni. The ferroelectricity in Mn 1-x Ni x WO 4 is first stabilized for small Ni content with T C increasing by about 0.5 K. The frustrated spin collinear ↑↑↓↓ (AF1) phase is completely suppressed at doping levels as low as 5%. The elliptical spiral spin phase (AF2), which is also ferroelectric, is stabilized through doping and it develops as the magnetic ground state. Above 10% Ni content, the ferroelectric polarization is quickly diminished and a new high-temperature magnetic phase (AF4) develops. The details of different magnetic structures have been revealed by neutron scattering experiments. The AF4 phase is extrapolated to become the only magnetic phase and the ground state above 30% Ni substitution. The sudden decrease of the ferroelectric polarization above 10% Ni content is explained by a flop of the spin spiral plane close to the crystalline a-b plane. Different mechanisms for the reorientation of the spin spiral plane are discussed.
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